Electron vortex beams were only recently discovered and their potential as a probe for magnetism in materials was shown. Here we demonstrate a new method to produce electron vortex beams with a diameter of less than 1.2Å. This unique way to prepare free electrons to a state resembling atomic orbitals is fascinating from a fundamental physics point of view and opens the road for magnetic mapping with atomic resolution in an electron microscope.
Electron vortex beams were only recently discovered and their potential as a probe for magnetism in materials was shown. Here we demonstrate a new method to produce electron vortex beams with a diameter of less than 1.2Å. This unique way to prepare free electrons to a state resembling atomic orbitals is fascinating from a fundamental physics point of view and opens the road for magnetic mapping with atomic resolution in an electron microscope. Their actual potential is much wider, ranging from probing chiral structures to the manipulation of nanoparticles, clusters and molecules, exploiting the transfer of angular momentum and the magnetic interaction. The holographic aperture used in 21 was located in a position conjugate to the object plane. Here we use an aperture in the condensor plane of a TEM.
This setup allows to form a small probe in the object plane of the microscope by means of the condensor lenses as schematically outlined in fig.1A . For an ideal electron point source and ideal lenses, the probe is given by the Fourier transform of the aperture 21 . In practice however, there are two effects which have to be taken into account. First of all, the electron source is not a point emitter but can be modelled as an incoherent source distribution over an area characterising the source size. The effect on the probe is a convolution of the intensity of the image produced by a point source with this distribution. A second effect, affecting the probe size is caused by the aberrations of the probe forming lens system. These can be expressed as a distortion of the ideal wavefront by a phase change. A goal in the design of electron microscopes is to minimise both effects as much as possible. Current state of the art electron microscopes can reach probe sizes which deliver a resolution of better than 0.8Å when used in a scanning probe approach 29 .
Here we use such a state of the art microscope to produce electron vortex beams making use of a holographic mask. The microscope used is the Qu-Ant-EM microscope installed at the university of
Antwerp. This is a double aberration corrected FEI Titan G2 80-300 instrument capable of routinely making small probes which enable 0.8Å resolution at an acceleration voltage of 300 kV.
Imaging such a fine probe requires a second set of lenses with similar requirements as the probe forming lenses. Therefore, another aberration correction device in the image formation lens system is used. Nevertheless, no imaging lens is perfect and the image obtained will always overestimate the real size of the probe. Chromatic aberration due to a finite energy spread in the gun and image blurring in the electron detector further increase the size of the image of the probe.
The convergence semi angle α can be changed over a wide range which enables the user to choose between very small probes (large convergence angles) or larger probe size (smaller convergence angles). As a probe defining aperture we use a similar holographic mask with a fork dislocation as described in 21 but now with a diameter of 50 µm. Details on aperture manufacturing are given in supplementary information 22 .
Choosing a convergence semi angle of 21.4 mrad (typically used to obtain a resolution of 0.8Å) we obtain the intensity distribution in fig.2A . We observe two main sidebands similar to the ones shown in our previous work but now with a full width at half maximum Engineering these atomic sized electron vortices opens the road to magnetic information mapping on the atomic scale 32 . Indeed it was shown in 21 that electron vortex beams provide information on the magnetic state of materials. With Angstrom sized electron vortices, one would obtain magnetic information on the atomic scale. In this paper we have measured the diameter of such vortex probes as their full width at half maximum, the resolution that can be obtained with such a probe is better for two reasons. First, as already mentioned, the measurement we present here is an overestimate, and source size effects play an important role. Secondly, resolution in electron microscopy is commonly defined as the spatial frequency that still gives an interpretable contrast. This difference is apparent from the measurement of the central beam which was found to have a FWHM of 1.0Å while the resolution which can be obtained with this probe is approximately 0.8Å. Extrapolating this to the sidebeams that carry angular momentum we could estimate the possible resolution to be less than 1Å. Sub-nm free electrons with topological charge can be produced in standard TEM equipment. Aberration correctors allow vortex probe sizes of less than 1.2Å. The dominant factor that puts a limit on the probe size is the finite electron source size. The probe with topological charge m focussed on the specimen has a phase structure, extension and radial intensity distribution very similar to atomic p-orbitals even in light atoms. This fact opens new options to couple a fast electron probe directly to the internal degrees of freedom of atoms and allows to probe magnetic information on a sub nm level. 
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